While some species commonly grown in the Northern Great Plains and Intermountain USA are important only for specifi c areas, other species are commonly grown throughout these regions. Three of the more important species used in these regions are crested wheatgrass [Agropyron cristatum (L.) Gaertn.; A. desertorum (Fisch. Leyss.) . Breeding eff orts aimed at improving these and other cool-season grass species are ongoing at several locations. Because of the importance of these species in these regions, the identifi cation of best testing locations and environmental groupings of locations would be useful. Similar studies in other crop species, such as wheat (Triticum aestivum L., Trethowan et al., 2003) , cotton (Gossypium hirsutum L., Blanche and Myers, 2006) , and barley (Hordeum vulgare L., Navabi et al., 2006) , have provided detailed information on common testing locations that should be incorporated into future crop improvement eff orts.
The objective of this study was to determine locations most appropriate for developing and testing crested wheatgrass, intermediate wheatgrass, and smooth bromegrass for use in the Northern Great Plains and Intermountain regions. Specifi cally, this study aimed to (i) identify locations best suited for evaluating and testing improved cultivars of these species, (ii) identify useful environmental groupings of the locations included in the study based on entry performance, and (iii) determine whether best testing locations and environmental groupings were the same for each of the three species.
MATERIALS AND METHODS

Plant Materials
Three cool-season grass species were included in the study: crested wheatgrass, intermediate wheatgrass, and smooth bromegrass. These grass species represent species well adapted and commonly used throughout the Northern Great Plains and Intermountain regions (Balasko and Nelson, 2003) . Additionally, these species were being used in ongoing breeding programs at more than one of the locations represented in this study. Each species was represented by 7 to 14 cultivars/breeding populations and will be referred to as entries (Table 1) .
Locations
The study utilized the following sites: Blue Creek, UT (41° 56´ N, 112° 26´ W), with Parley's silt loam (fi ne-silty, mixed, mesic, Calcic Argixerolls) soil; North Logan, UT (41° 46´ N, 111° 47´ W), with Green Canyon gravelly loam (loamy-skeletal, carbonatic, mesic Typic Haploxerolls) soil; Mandan, ND (46° 48´ N, 100° 46´ W), with Parshall fi ne sandy loam (coarse-loamy, mixed, superactive, frigid Pachic Haplustolls) soil; Ithaca, NE (41° 13´ N, 96° 29´ W), with Sharpsburg silt loam (fi ne, montmorillonitic, mesic Typic Argiudolls) soil; Miles City, MT (46° 22´ N, 105° 5´ W), with fi ne-loamy, mixed, frigid Aridic Ustochrepts soil; and Sidney, NE (41° 23´ N, 103° 0´ W), with Duroc loam (fi ne-silty, mixed, superactive, mesic, Pachic Haplustolls) soil. The six experimental locations included in this study represent fi ve plant adaptation regions (PARs; Fig. 1) (Vogel et al., 2005b) and are characterized by diff erences in mean annual precipitation among other climatic and geographic factors (Fig. 2) .
Experimental Design and Analysis
Planting occurred in fall 1999. Seeding was done with cone seeders at a rate of 131 pure live seed linear m −1 at the Nebraska locations and 98 pure live seed linear m −1 at all other locations. At each location, plot arrangement was a randomized complete block design with four complete blocks, with the exception of the Miles City location, which had only three complete blocks. At Mandan and Miles City, individual plots consisted of four 6-m rows with 0.5-m spacing between rows. At the two Utah locations, individual plots consisted of six 5-m rows with 0.3-m spacing between rows. At Data were analyzed using the MIXED procedure of SAS (Littell et al., 1996; SAS Institute, 2006 ). The statistical model considered the main eff ect due to entries as fi xed and all remaining main eff ects (locations, years, and blocks) and interactions as random. Further examination of the entries and the entry × location interaction occurred with the GGEbiplot software (Yan, 2001; Yan and Kang, 2003; Yan and Tinker, 2005) . The GGEbiplot model employed was the tester (location)-centered model based on singular value decomposition of the untransformed data standardized by the within-tester (location) standard error.
RESULTS AND DISCUSSION
Environmental Conditions
Locations included in this study represent a variety of climatic conditions of the Northern Great Plains (Ithaca and Sidney, NE; Mandan, ND; and Miles City, MT) and Intermountain (Blue Creek and North Logan, UT) regions of the USA. With the exception of Ithaca, locations included in this study represent semiarid regions of the USA. Locations are also characteristic of various PARs (ecoregions described by Bailey, 1995; Vogel et al., 2005b) (Fig. 1) A key diff erence between the locations was precipitation. Thirty-year mean precipitation levels range from ~300 mm yr −1 at Miles City to ~700 mm yr −1 at Ithaca (Fig. 2) . Based on 30-yr site averages and with some yearly deviations, the general trend throughout the study was normal to near-normal precipitation levels for the four eastern locations (Fig. 2) . The Intermountain USA, including the Nebraska locations, individual plots consisted of seven 4.5-m rows spaced 0.15 m apart. All plantings were fall dormant plantings with emergence the following spring.
Data Collection and Analysis
Data include initial stand frequency from 2001 and forage production from the 2001, 2002, and 2003 growing seasons at all sites. Initial stand frequency was estimated using the methods described by Vogel and Masters (2001) . Briefl y, this estimation consisted of the number of squares (15 cm 2 in a grid) out of 50 containing rooted, live plant material. The ratio of the number of squares within the grid containing plant material to the total number of squares within the grid was calculated and converted to a percentage.
Forage production was estimated by machine harvesting to a stubble height of ~15 cm and measuring plot forage wet weights.
After forced-air drying at 60°C, dry weights were determined. These weights were then converted to kg ha −1 for the resulting forage production values. At Mandan, Miles City, and both Utah locations, 0.5 m was trimmed from the ends of each plot before harvest to minimize border eff ects, and then only the two middle rows were harvested. At the Nebraska locations, plots were trimmed to uniform 3-m lengths before harvest, and a 0.91-m swath was harvested from the center of each plot. Forage was harvested once per year at all locations, except the Nebraska locations, where it was harvested twice per year. All values were converted to yearly forage totals in kg ha −1 . the Blue Creek and North Logan locations, experienced an extended drought during the period of this study. Blue Creek had below-normal precipitation each year except 1999, and North Logan had below-normal precipitation from 2000 to 2002.
Mixed Model Analysis
Population means for initial stand frequency and forage production diff ered among the crested wheatgrass and smooth bromegrass populations, but there were no diff erences among intermediate wheatgrass population means for either trait (Table 2) . Although no diff erences occurred among intermediate wheatgrass entries analyzed on total yearly production across all locations, within the Nebraska locations there were diff erences among the entries when analyzed on an individual harvest basis (data not shown). Variation due to location was not signifi cant for either trait for any of the species, but entry × location interaction was signifi cant for each trait and for each species (Table 2) . Because entry × location interaction was signifi cant for each trait and species, analysis of the resulting data with biplot techniques was an appropriate method of interpreting the data.
Perennial grasses must survive over vastly diff erent year-to-year conditions that are very unpredictable. Clearly, the eff ect of diff erent years has a substantial eff ect on entries at a given location. However, the identifi cation of best yearly conditions has little value in experimental or production settings because the yearly eff ects cannot be chosen before planting. We felt the characterization of the locations across diff erent years would be of most usefulness. Thus, because of the yearly unpredictability (and due to the focus of this study on locations), the eff ect of years and the interaction between entries and years, although included in the mixed model analysis, were not addressed. The sum of the fi rst and second principal components (PC1 and PC2) explained between 65 and 87% of the standard error standardized, locationcentered model variation (depending on the trait and species) (Fig. 3) . These levels of variation adequately, although not perfectly, represent the standardized data and allow conclusions to be drawn on the underlying entry × location interaction (Yan and Kang, 2003; Yan and Tinker, 2006) .
Only initial stand frequency (2001) was taken from each location. Initial stand frequency represents both seed quality and entry performance due to genetics. Subsequent year stand frequency is more refl ective of persistence but was not collected from all locations included in the study. For those locations from which subsequent year stand frequency was collected, the results, generally, refl ected the initial year stand frequency results. Due to the limited number of locations from which data was taken, subsequent year stand frequency data was not subjected to biplot analysis.
Environmental Grouping and Testing Ability of Locations
On a biplot display, the cosine of the angle between the vectors (i.e., lines that connect the locations to the biplot origin) of two locations approximates the correlation between the two locations in ranking the entries: the smaller the resulting angle, the more highly correlated the locations (Yan and Kang, 2003; Yan and Tinker, 2006) (Fig. 3) . Correlation coeffi cients between each set of locations were also calculated (Table 3) . Based on the biplot analysis and correlation values, environmental groupings were identifi ed, which represented groupings of locations within the target region where tested plant materials behaved similarly (Gauch and Zobel, 1997) . This concept of identifying similar testing locations has been used for a number of species (Yan et al., 2000; Trethowan et al., 2003; Navabi et al., 2006) .
The concept of the ideal testing location is characterized by the combined ability of locations to discriminate among entries included in the study and to be representative of other locations in the overall environment of interest (Yan and Kang, 2003; Yan and Tinker, 2006) . This concept has also been used for other crops (Blanche and Myers, 2006; Dehghani et al., 2006) . Discriminating ability refers to a location's ability to maximize the variance among entries in a study (Blanche and Myers, 2006) . Representativeness suggests that a location is representative of the conditions of other locations included in the study (Yan and Tinker, 2006 ). An ideal testing location combines both of these traits for the development of generally adapted plant materials (Yan and Tinker, 2006) . These values are best viewed with the "discriminating power vs. representativeness of testers" biplot display of GGEbiplot (Yan and Kang, 2003; Yan and Tinker, 2006) . The discriminating ability of locations is most easily visualized by counting the number of rings separating the location from the origin of the biplot display (Yan and Tinker, 2006) (Fig. 3) . The more rings separating the location from the origin of the graph, the more discriminating the location is (Yan and Tinker, 2006) . The representativeness of locations is visualized by the angle formed between the location vectors and the dark line running across the display (average environment axis) and passing through the origin. The smaller the resulting angle, the more representative the location of other sites in the area of interest (Yan and Tinker, 2006) (Fig. 3) .
Crested Wheatgrass
For crested wheatgrass stand frequency and forage production, there was good separation of locations into environmental groups. Group 1 included Ithaca, Mandan, and Miles City; and Group 2 included Blue Creek, North Logan, and Sidney (Fig. 3A, B) . There was also high correlation among most of the locations for forage production (Table  3 ; Fig. 3B ), although this may be due to the inclusion of universally poor performing entries that if removed might loosen the correlations (W. Yan, personal communication, 2006) . Sidney was an intermediate location between the two groups, but its inclusion with Blue Creek and North Logan was most appropriate because of consistency of entry performance. Group 1 consisted mostly of the more eastern and northern sites with little respect to precipitation. Ithaca had the highest precipitation level (based on 30-yr means) of all locations (Fig. 2) , but Mandan had only intermediate precipitation, and Miles City had the lowest precipitation of all locations. Although Mandan lies on the border between PARs 331.3 and 331.4 ( Fig. 1) (Vogel et al., 2005b) , it shares Ecoregion 331, and likely the PAR 331.3, with Miles City. None of the sites in Group 2 share PARs ( Fig. 1) (Vogel et al., 2005b) but are the more western and southern locations. Additionally, North Logan and Sidney had similar precipitation levels (Fig. 2) , and Blue Creek and North Logan represented the Intermountain region. For the crested wheatgrass traits, separation of locations into environmental groupings appeared to be based on geography rather than other traits, although the role of precipitation cannot be ruled out. For crested wheatgrass stand frequency, Mandan was the most discriminating location (Fig. 3A) . Blue Creek, Miles City, North Logan, and Sidney had roughly equivalent, yet intermediate, discriminating ability, and Ithaca was the least discriminating location (Fig. 3A) . The most representative locations for crested wheatgrass stand frequency were Blue Creek and Miles City (Fig. 3A) , although their representativeness was not high. The remaining locations were not representative. Due to the lack of representativeness of the locations, it was diffi cult to identify a best testing location for Group 1. However, the excellent discriminating ability of Mandan suggested it as a good choice. Additional work on stand frequency at each location would add clarifi cation to these results. Among the Group 2 locations, Blue Creek and North Logan had roughly equivalent discriminating ability, but Blue Creek was more representative.
For crested wheatgrass forage production, the most discriminating locations were Ithaca followed by Blue Creek, Mandan, and Miles City (Fig. 3B) . While North Logan and Sidney were both representative, their representativeness was similar to that of Ithaca, Mandan, and Miles City. Blue Creek was less representative. Overall, Ithaca was apparently the best location for testing crested wheatgrass forage production. Ithaca would also be the best location for testing crested wheatgrass forage production in environmental Group 1. The best location for testing crested wheatgrass forage production in Group 2 was unclear due to the lack of a location with both high discriminating ability and good representativeness, but Blue Creek might be the most promising because of its discriminating ability.
The identifi cation of the best testing locations for crested wheatgrass was tenuous. However, due to the consistent environmental groupings of locations for the crested wheatgrass traits, eff orts could be focused on developing crested wheatgrass varieties that are environmental group specifi c.
Intermediate Wheatgrass
There were three environmental groupings for intermediate wheatgrass stand frequency. Group 1 included Ithaca (Fig. 3C) . The groupings shared obvious traits. Group 1 comprised the two Nebraska locations, which were the most central and among the higher-rainfall areas. Group 2 consisted of the Northern areas that also shared a PAR (Fig. 1) (Vogel et al., 2005b) . Group 3 consisted of the two Intermountain locations. The groupings for intermediate wheatgrass forage production were almost identical with the exception of the Sidney location, which grouped more closely to the Mandan and Miles City locations than to the Ithaca location. Sidney shared an ecoregion with the two northern sites (Fig. 1) . For intermediate wheatgrass stand frequency, North Logan, Mandan, and Miles City were the most discriminating locations (Fig. 3C) . The most representative locations were Blue Creek and North Logan. North Logan appeared to be a good location for testing intermediate wheatgrass stand frequency due to its excellent discriminating ability and representativeness. Within the identifi ed environmental groupings, the best testing locations were North Logan and Mandan, due to better representativeness than Miles City, and Sidney. Intermediate wheatgrass forage production was best discriminated at Ithaca, followed by Blue Creek and North Logan (Fig. 3D) . Ithaca was the only location exhibiting representativeness for intermediate wheatgrass forage production, making it the best location for testing this trait. In the other two intermediate wheatgrass forage production environmental groupings, Mandan was the best location for intermediate wheatgrass forage production in Group 2, and there was no substantial diff erence between Blue Creek and North Logan in Group 1.
The identifi cation of best testing locations within environmental groupings for intermediate wheatgrass traits was clearer and more consistent than for crested wheatgrass. Environmental groupings, with the exception of Sidney grouping with the northern locations rather than Ithaca for forage production, were consistent for both traits. Additionally, North Logan was an excellent location for testing both traits in the Intermountain region, and Mandan appeared to be the best location for testing both traits among the northern locations. Ithaca would also be a testing location for both traits, but more due to the fact that it did not group well with the other locations with the exception of Sidney for stand frequency. Thus, targeting intermediate wheatgrass improvement to environmental groupings would be a good tactic and should result in improvements for both traits simultaneously.
Smooth Bromegrass
Three environmental groupings were identifi ed for smooth bromegrass stand frequency. Group 1 included Blue Creek; Group 2 Ithaca, Miles City, North Logan, and Sidney; and Group 3 Mandan (Fig. 3E) . Other than containing both Nebraska locations, there did not appear to be any discernible connection between the sites in Group 2. Ithaca, North Logan, and Sidney were also three of the higherrainfall locations. It appeared that Blue Creek and Mandan form vastly diff erent regions than do the other locations. Two environmental groupings were identifi ed for smooth bromegrass forage production. Group 1 consisted of Mandan, North Logan, and Sidney; and Group 2 Blue Creek, Ithaca, and Miles City (Fig. 3F) . Sidney was again an intermediate location, but appeared to fi t better with Mandan and North Logan than the other locations. The connection between Group 1 locations was likely due to the already mentioned shared PAR between Mandan and Sidney ( Fig.  1) (Vogel et al., 2005b) . Additionally the three Group 1 locations were all intermediate in their precipitation levels ( Fig. 2) and are sites typically classifi ed as adapted for smooth bromegrass production. Group 2 is less clear because of the diff erences in precipitation levels and geographic location between Ithaca and the other two sites.
Mandan, followed by Sidney, was the most discriminating location for smooth bromegrass stand frequency (Fig. 3E) . Ithaca, Miles City, North Logan, and Sidney were the most representative smooth bromegrass stand frequency locations (Fig. 3E) . For smooth bromegrass forage production, Ithaca was the most discriminating location, with little diff erence among the remaining locations. Ithaca was also very representative (Fig. 3F) , making it the best location for testing smooth bromegrass forage production.
Smooth bromegrass improvement did not appear to lend itself to targeted regions, particularly when attempting improvement of both traits simultaneously. Due to the ambiguity associated with the grouping of locations for stand frequency, none of the locations stood out as being best. For forage production, Ithaca was the best location. However, its connection to Blue Creek and Miles City in a grouping might be unrealistic due to vastly diff ering environmental conditions. There did seem to be good evidence for grouping Mandan and North Logan and then Blue Creek and Miles City for forage production. However, within these two groupings diff erences between the locations were minor, making recommendations of best testing locations diffi cult.
Across Traits and Species
Across both traits (stand frequency and forage production), there was some consistency in the clustering of locations into groupings. With the exception of the smooth bromegrass traits, Blue Creek consistently grouped with North Logan, representing the Intermountain locations, and Mandan consistently grouped with Miles City, representing the northern locations (Fig. 3) . However across each of the species, with the above-mentioned exceptions, groupings were not consistent. The overall lack of common groupings and best testing locations across species suggested the need to approach each species individually, at diff erent locations, or with trade-off s between discriminating ability and representativeness. From a practical standpoint the trade-off s approach is most feasible. Thus, a location like Blue Creek might be a good choice for testing crested wheatgrass due to its good discriminating ability and reasonable representativeness for both traits (Fig. 3A, B) .
One of the more interesting and consistent fi ndings was the value of Ithaca as a testing location. Ithaca was likely the worst location for testing stand frequency. It was one of the least discriminating and, generally, least representative locations for each species. However, for forage production, Ithaca was the most discriminating location and one of the most representative locations for each of the species. This result was most likely due to Ithaca's place as the location with the highest precipitation. The high precipitation likely made evaluation of stand frequency diffi cult because there was suffi cient soil moisture and precipitation to ensure good stands of each species. However, the same precipitation levels made Ithaca a good location for testing forage production because precipitation was not limiting and the species were able to maximize their forage potential. Other consistencies were not as strong as those of Ithaca, and in general, best testing locations were both species and trait dependent.
CONCLUSIONS
As with other species (Yan et al., 2000; Trethowan et al., 2003; Navabi et al., 2006) , environmental groupings and best testing locations (Blanche and Myers, 2006; Dehghani et al., 2006) were identifi ed for each trait and species combination included in this study. However, for the most part, environmental grouping designations and best testing locations were species and often trait dependent. Thus, selection of best locations for testing and development of grass species in the Northern Great Plains and Intermountain regions of the USA should be considered on a species basis.
